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Abstract. The discovery of the Standard Model (SM) or supersymmetric (SUSY) Higgs bosons belongs to the main 
endeavors of the Large Hadron Collider (LHC). In this article the status of the signal and background calculations for Higgs 
boson production at the LHC is reviewed. 
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INTRODUCTION 

The Higgs mechanism is a cornerstone of the SM and its 
SUSY extensions [1] and renders the search for Higgs 
boson(s) a crucial endeavor at the LHC. In the SM 
one Higgs doublet has to be introduced to realize elec- 
troweak symmetry breaking (EWSB), leading to one el- 
ementary Higgs boson Experiment and theory con- 
strain the Higgs boson mass range to 114.4 GeV up 
to ~ 1 TeV 031]. The minimal supersymmetric exten- 
sion of the SM (MSSM) requires at least two complex 
Higgs doublets, implying 5 physical Higgs states af- 
ter EWSB, two neutral CP-even, h,H, one neutral CP- 
odd A and two charged Higgs bosons H ± . Negative di- 
rect searches at LEP2 impose lower mass bounds of 
mu fl > 92.8 GeV, m A > 93 .4 GeV and m H ± > 78.6 GeV 
Q\. SUSY implies an upper light neutral Higgs mass 
bound of in/, < 135 GeV [5], including the one-loop and 
dominant two-loop corrections. The heavier Higgs boson 
masses range up to &{\ TeV). At tree level, the MSSM 
Higgs sector can be parametrized by two independent in- 
put parameters, m A and tg/3 = v%jv\, the ratio of the two 
vacuum expectation values. 



are the dominant production mechanisms for the SM 
Higgs boson in the entire mass range up to ~ 1 TeV 
and for MSSM Higgs states for small to moderate val- 
ues of tg/3 (see Fig[T]). It is mediated by heavy quark tri- 
angle loops, and in addition by squark loops in SUSY 
theories, if m.q < 400 GeV. The next-to-leading order 
(NLO) QCD corrections, including the full quark mass 
dependence, increase the production cross section by up 
to 100% [6]. The calculation in the heavy top quark limit 
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GLUON FUSION 

The gluon fusion processes 

gg->® (<S> = H SM ,h,H,A) (1) 



FIGURE 1. Neutral CP-even MSSM Higgs production cross 
sections at the LHC for gluon fusion (gg — » h/H), vector boson 
fusion (qqh/H), Higgs-strahlung (hV /HV), and the associated 
production (bbh/Hjth/H), including QCD corrections except 
for bbh/H. Upper: tg/3 = 3, lower: tg/3 = 30. From Ref. O. 



||7|] has been shown to provide an approximation within 
10 % in the SM and 20-30% in the MSSM for tg/3 < 5 
(8J]. For large tg/3 the bottom loop contributions become 
dominant due to the strongly enhanced bottom Yukawa 
couplings, so that the large loop mass limit is not appli- 
cable any more. In this case, the NLO corrections are of 
more moderate size, ^(10 — 60%). The next-to-next-to 
leading order (NNLO) corrections, provided in the heavy 
top limit, increase the cross section moderately by an- 
other 20-30% 19J]. The effect of the dominant finite top 



mass corrections on the approximate NNLO result has 
been investigated recently in Ref . ifioll . Soft gluon resum- 
mation leads to a further increase of about 6% 111 111 and 
the estimate of the next-to-next-to-next-to leading order 
(NNNLO) effects indicates improved perturbative con- 
vergence lfl2tl . Two-loop electroweak (EW) corrections 
add ~ 5 - 8% iH . As for the MSSM processes, the NLO 
QCD corrections to squark loops have been first known 
in the heavy squark limit 0], and the full SUSY-QCD 
corrections in the heavy SUSY particle mass limit IU5I1 . 
They are large for the squark loops, whereas the genuine 
SUSY-QCD corrections, mediated by virtual gluino and 
stop exchanges, are small, of G{5%). The calculation of 
the QCD corrections to squark loops including the full 
mass dependence has been performed recently indicating 
that the squark mass effects on the Zf-factor, describing 
the ratio between the NLO and LO cross section, can be 
up to ~ 20% with a remaining residual theoretical uncer- 
tainty of less than about 20% 11611 . see Fig. [2] (The virtual 
corrections have been derived in Ref. IU7I1 .) Recently, the 
NLO SUSY-QCD corrections including the full SUSY 
particle mass dependences have been calculated fl8ll . 
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FIGURE 2. Ratio of the QCD corrected scalar MSSM Higgs 
production cross sections via gluon fusion including the full 
squark mass dependence and those obtained by taking the 
relative QCD corrections to the squark loops in the heavy 
mass limit as functions of the corresponding Higgs masses 
for tg/3 = 30. The kinks and spikes correspond to the various 
squark pair thresholds. From Ref. flal . 

The impact of the higher order (HO) calculations on 
the rate and the shape of the corresponding distributions 
may strongly depend on the choice of cuts. This has 
therefore to be studied to perform reliable experimental 
analyses. The transverse momentum pj distribution of 
the Higgs boson plays an important role for the exper- 
imental search strategies. At LO Higgs bosons are pro- 
duced with vanishing transverse momentum in the gluon 
fusion process. They acquire non-zero pj only if an ad- 
ditional gluon is radiated. This contribution is part of the 
real NLO corrections to the total gluon fusion cross sec- 
tion. The pj distributions are known up to NLO in the 
heavy quark limit II 1911 . so that they are valid only for 
small and moderate Higgs masses and pj. For pj values 
much smaller than Mh large logarithms appear which ne- 



cessitate resummation in order to get a reliable descrip- 
tion of the small pj range. This has been done at different 
levels of theoretical accuracy |20ll. Finally, the NLO cor- 
rections with two tagged jets at large pj are known in the 
large m t limit 112 ill and have been implemented in parton 
level Monte Carlo programs. 

For the MSSM, the Higgs plus 1 jet process is known 
at LO only JH The SM results at NLO QCD for 
the pj distributions and the resummation of the soft 
gluon effects can only be applied for small values of 
tg/3,M// and pj. For large tg/3 values, the bottom loops 
are dominant and as an important consequence the pj 
distributions of the neutral Higgs bosons are softer than 
for small values of tg/3 Ir23"ll . 

As for the NNLO accuracy the inclusive SM cross sec- 
tion with a jet veto was provided some time ago l24ll . In 
the meantime the NNLO result fully taking into account 
experimental cuts has been performed in the H -^JJ fl25ll 
and in the H — > — > l + Tvv [26] decay mode. An 

independent calculation for these and the H — > ZZ — * 4 
leptons decay channel has been finished recently f2~7ll and 
implemented in a Monte Carlo program. 

Search Channels & Backgrounds: Higgs particles 
with masses below ~ 140 GeV have to be searched for 
in their 77 decay channel, the bb final state being over- 
whelmed by the QCD background. The 77 irreducible 
background has been calculated up to NLO including 
fragmentation effects 12811 . The gg — > 77 contribution, 
which is enhanced by the large gluon luminosity, is 
known up to NLO Q. 

For SM Higgs masses 140 < M H < 180 GeV the 
H — > — » l + l~VV decay mode is among the most 

promising for an early discovery. Challenging due to 
the large background, the strong angular correlations be- 
tween the charged leptons from the W decay 1 30] can be 
exploited to suppress the background. Since the Higgs 
mass cannot be reconstructed directly due to the escap- 
ing neutrinos a background extrapolation from sidebands 
is impossible. It has to be extrapolated from the signal- 
free region and therefore requires a precise knowledge 
of the background distributions. The NLO irre- 
ducible background is known Bill including spin correla- 
tions, and the effects of multiple soft-gluon emissions up 
to next-to-leading-log (NLL) accuracy (HI]. The knowl- 
edge of spin correlations is crucial for a correct predic- 
tion of angular distributions, and they are implemented 
in the MC@NLO event generator [Hj]. Also the poten- 
tially large gluon initiated contribution gg — > is 
available at LO yj]. Recently the NLO QCD corrections 
to W + W~ j production, an important background also 
to the WW fusion Higgs boson production process (see 
below), has been reported B35II. The important it back- 
ground is known at NLO IBol . including the effect of 
spin correlations Q37[| . The inclusion of width effects is 



available at LO only 0811 . 

The gold-plated channel H — » ZZ — » 4 leptons 
becomes dominant for SM Higgs bosons with 
Mh > 180 GeV. Since the invariant mass of the leptons 
can be reconstructed, it is much easier to observe, and 
the background is measurable from the data. To study 
the Higgs boson properties, an accurate prediction is 
necessary, however. The irreducible ZZ background has 
been provided up to NLO including spin correlations 
[31], the impact of soft gluon effects on signal and back- 
ground has been examined 113911 . and the gluon-initiated 
contribution gg — > ZZ is available at LO B4011 . The full 
QCD+EW corrections to the H -> W + W_{ZZ) 4 lep- 
tons decay have been computed by Ref. [41]. 

VECTOR BOSON FUSION 

The W and Z boson fusion processes ll42ll 

pp-*qq^qq + WW /ZZ -> qqH (2) 

for SM Higgs boson production are about one order of 
magnitude smaller than the gluon fusion process and be- 
come competitive with the latter for large Higgs masses. 
The typical signature of a vector boson fusion (VBF) 
event is given by two hard jets with a large rapidity inter- 
val between them. Since the exchanged boson is colour- 
less, there is no hadronic activity between them, and the 
NLO QCD corrections can be derived from the NLO 
corrections to deep inelastic lepton-nucleon scattering. 
They are of <^(10%), neglecting small interference ef- 
fects JH]. Recently, the full EW and QCD corrections 
have been computed with a typical size of 5 — 10%. They 
induce distortions of the distributions at the 10% level 
H. 

In the MSSM, the VBF processes play an important 
role for the light scalar Higgs h close to its upper mass 
bound, where it becomes SM-like, and for the heavy 
scalar Higgs H at its lower mass bound. In the other 
regions the cross sections are suppressed due to addi- 
tional SUS Y-factors in the Higgs couplings. For the pseu- 
doscalar A the process is absent, since it does not cou- 
ple to gauge bosons at tree level. The NLO QCD correc- 
tions to the total cross sections and distributions can be 
taken from the SM case and are of the same size. The 
SUSY-QCD JH and SUSY EW and QCD corrections 
ll46ll turned out to be small. 

Search Channels & Backgrounds: The Higgs +2 jets 
signature, also produced in gluon fusion, is part of the in- 
clusive Higgs signal, but represents a background to the 
isolation of the Higgs gauge couplings through VBF. The 
gluon contribution is known at LO with full top mass de- 
pendence 14711 . and has been recently complemented by 
the NLO QCD corrections in the heavy top mass limit 



l2~lll . Parton shower effects on the relevant distributions 
have been evaluated as well B48I1 and indicate that the dis- 
criminating power of the LO results is not significantly 
changed. Furthermore, the dominant NLO QCD correc- 
tions to Higgs plus 3jet production in vector boson fusion 
have been presented in M49I1 . The corrections to the total 
cross sections are modest, while the shapes of some kine- 
matical distributions change appreciably. 

The Higgs decays into z lepton pairs constitute an 
important MSSM Higgs boson discovery channel 115011 . 
Since in VBF Higgs bosons are produced at large trans- 
verse momentum, the T + T~ invariant mass can be recon- 
structed with an accuracy of a few GeV, and the back- 
ground can in principle be measured from the data using 
a sideband analysis. The most important backgrounds are 
QCD Z jj and EW Z jj production from VBF. They are 
known at NLO accuracy [13111 . 

The H -> W + W~ -> l+r VV decay, important for SM 
Higgs particle searches in the intermediate mass range 
15211 . is most challenging, because it does not allow a di- 
rect Higgs mass reconstruction. The irreducible 
background is calculated up to NLO, the corrections are 
modest 115 311 . The other important background ti+ jet is 
known at NLO [54]. The essential inclusion of the top 
decay with full spin correlation is missing so far, as well 
as the possibly relevant finite width effects. 

ASSOCIATED PRODUCTION WITH TOP 
QUARKS 

Associated Higgs production with a top quark pair lf55ll 

pp -> qq/gg -> *« (3) 

plays a significant role for SM Higgs masses below 
~ 150 GeV and in the MSSM only for the light scalar 
Higgs state h. The NLO QCD corrections have been 
determined [56] and lead to a moderate increase of the 
total cross section by ~ 20% at the LHC, both for the 
SM and the MSSM case. The relevant parts of final 
state particle distribution shapes are only moderately 
affected, i.e. ^(10%). The SUSY-QCD corrections to tth 
production have been calculated in lf57l l58ll and are of 
moderate size. 

Search Channels & Backgrounds: While the ttH pro- 
duction with subsequent H — > bb decay was previously 
considered a discovery channel, recent analyses with a 
more careful background evaluation are not as optimistic 
and demand for improved signal and background studies 
based on NLO calculations to reliably analyse the po- 
tential of this channel. After the NLO signal l56Tl and 
ttj l54ll predictions, recently the first step towards the 
full NLO QCD p/? — > ttbb + X calculation has been ac- 
complished by evaluating the contribution from quark- 



antiquark annihilation lf59ll . The ttH — > ttyy channel on 
the other hand provides an important contribution to 
Higgs discovery in the 77 final state B60I1 . It develops a 
narrow resonance in the invariant 77 mass distribution, 
so that the background can be measured directly from 
the sidebands. 



ASSOCIATED PRODUCTION WITH 
BOTTOM QUARKS 

While unimportant in the SM, in the MSSM for large 
values of tg/3 the Higgs boson production in association 
with bottom quarks 

pp^qq/gg^<Pbb <P = h,H,A (4) 

constitutes the dominant Higgs production process. Two 
different formalisms, which represent different orderings 
of perturbation theory, can be applied to calculate the 
cross section. In the four-flavour scheme, the LO process 
is given by gg — > bb<S>. The NLO QCD corrections can 
be deduced from the analogous calculation with a top 
quark final state pair and turn out to be large |6j]] . This 
may be due to the large logarithms generated by the 
integration over the transverse momenta of the final state 
bottom quarks. The NLO corrections with one or two 
tagged high-/?r Z?-jets have been provided as well ||6lll . 
To resum the logarithms bottom quark densities have to 
be introduced in the proton. In the five flavour scheme the 
LO process is then given by bb — > <t>. The NLO ll62ll and 
NNLO 1 63] QCD corrections to the inclusive process are 
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FIGURE 3. Total cross sections pp — > bbh + X as a function 
of the Higgs mass M/, with no Z?-jet identified in the final state. 
The error bands correspond to varying the renormalization and 
factorization scale within (2m^,+M/,)/8 and (2m^,+M/,)/2. 
FromRef.t6l. 

known and of moderate size. For the process with one 
tagged high-pr b-jet they have been calculated at NLO 
ll64ll . At sufficiently high order in perturbation theory, the 
results of the two approaches should converge against the 
same value, see FigOand Ref. [65] for details. 



Furthermore, the EW corrections to bb — > <I> ll66ll and 
the Yukawa coupling induced contributions to gg — > bbh 
at one loop [67] have been calculated. The SUSY-QCD 
corrections to bbh have been given in 115 811 and turn 
out to be significant. (Approximative results have been 
given in Refjptl ) The SUSY QCD corrections to <Pb 
production 1 69] are typically of order of a few percent 
after appropriate redefinition of the Yukawa couplings. 

HIGGS-STRAHLUNG OFF VECTOR 
BOSONS 

For SM Higgs masses in the intermediate range 
M H < 2M Z the Higgs-strahlung off W,Z bosons IT70ll 

pp^qq^Z*/W* -^H + Z/W (5) 

provides alternative Higgs boson search signatures. For 
the neutral MSSM Higgs bosons, however, this process 
plays no major role at the LHC. The NLO QCD cor- 
rections can be inferred from the Drell-Yan process and 
increase the total cross section by 0(30%) 17111 . The 
NNLO corrections ll72tl lead to an increase of less than 
10% for the relevant Higgs boson masses at the LHC. 
The full EW corrections decrease the total cross sec- 
tion by 5-10% Ej, The total theoretical uncertainty is 
of 0(5%). The NLO EW and NNLO QCD corrections 
are similar in the MSSM case. The SUSY-QCD correc- 
tions are small [45], whereas the SUSY-EW corrections 
are unknown. 



CHARGED HIGGS BOSON 
PRODUCTION 

The dominant charged Higgs boson production process 
is the associated production with heavy quarks [74] 

pp —>■ qq,gg — » H +tb and c.c. (6) 

The NLO QCD and SUSY-QCD corrections are signifi- 
cant l75ll . partly due to logarithms which arise from the 
integration over the transverse momentum of the final 
state bottom quark, and due to the large SUSY-QCD cor- 
rections to the bottom Yukawa coupling. In analogy to 
the neutral Higgs boson case, the logarithms can be re- 
summed by introducing bottom quark densities. In this 
5-flavour approach the LO process is then given by gb — > 
H~t and its charge conjugate. The NLO SUSY-QCD cor- 
rections to this process have been found to be significant 
ll76Tl . The next important production process is provided 
by the Drell-Yan type charged Higgs pair production in 

pp -^qq^ H+H- , (7) 



mediated by s-channel y and Z boson exchange. The 
NLO QCD corrections which can be inferred from the 
Drell-Yan process are of moderate size. The SUSY-QCD 
corrections are mediated by virtual gluino and squark 
exchange in the initial state and are small II45I1 . Another 
source of charged Higgs pair production is the loop- 
mediated process from gg initial states lf77[ l78ll 

pp^gg^H+H-, (8) 

known at LO only. It is of similar size as the bottom- 
initiated process 17811 

pp^bb^H + H- , (9) 

which relies on the introduction of bottom quark par- 
ton densities. The NLO corrections have been computed 
17911 . and the SUSY-QCD corrections are of significant 
size. The pure QCD and genuine SUSY-QCD corrections 
can be of opposite sign. Another production mechanism 
is in association with a W boson H80L 18 lfl 

PP^gg^H + W~ and c.c. (10) 

The process, which is known at LO only, is mediated by 
top-bottom loops and, if their masses are light enough, 
by stop-sbottom loops. The corresponding bottom-quark 
initiated process in the five flavour approximation is lf8QL 


pp~>bb->H + W~ and c.c. (11) 
The QCD are known and are of moderate size lTS3ll . 

CONCLUSIONS 

In summary, the important Higgs boson production cross 
sections at the LHC are theoretically under good control. 
Most (SUSY) QCD corrections are known. The correc- 
tions are large in several cases, and the remaining theo- 
retical uncertainties have decreased from LO 100% down 
to < 15%. Considerable progress has also been made in 
the calculation of the dominant background processes up 
to NLO. Finally, there are a lot of programs available in- 
cluding many of these corrections. 
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